The experimental results of a testing campaign including tensile and low-cycle fatigue tests on different reinforcing steel bar types in the as-delivered and corroded condition are presented. Experimental data were statistically analyzed adopting ANOVA technique; Performance Indicators (PIs), describing the mechanical performance characteristics of reinforcements, and Corrosion Damage Indicators (CDIs), describing the detrimental effects of corrosion phenomena, were determined and correlated in order to evaluate the influence of corrosion on the behaviour of reinforcing steels, providing useful information for designers in addition to what is presented in current standards.
Introduction
Reinforced concrete (r.c.) buildings in seismic areas are actually designed following the capacity design rules, adopted as reference technique by international design codes [1] [2] [3] . To satisfy the cyclic/seismic structural requirements, buildings shall guarantee enough ductile resources at global, element, and material level, that is, in terms of displacement, rotational capacity, and deformation, without significant losses of strength and stiffness. The global dissipative collapse mechanism of the building is achieved through the development of plastic deformations in correspondence with the ends of beams and columns: the rotational capacity of structural elements is strictly dependent on the ductility of steel reinforcing bars, generally expressed in terms of elongation to maximum load ( gt ) and hardening ratio ( / ) with specific ranges imposed by European design standards for high or medium ductility class (HDC or MDC, resp.). For example, Eurocode 2 [4] defines three different ductility classes (A, B, and C) in relation to the values of gt and / , respectively, higher than 2.5%, 5.0%, and 7.5% for gt and higher than 1.05 and 1.08 and between 1.15 and 1. 35 for / . Eurocode 8 [1] provides additional specifications limiting the use of class B to elements designed for MDC and the use of ductility class A is allowed by the Italian Standards for Constructions [2] only for stirrups.
The European design prescriptions are not directly reflected by the production scenario of reinforcing steel bars, characterized by the lack of a codified classification of steel grades (for what concerns both strength and ductility classes) and consequently resulting in a large variety of reinforcing steels produced in different countries, as widely discussed in Apostolopoulos et al. [5] .
The limitations for the ductility properties of reinforcing steels actually provided by Eurocodes are mainly referred to the monotonic behaviour, while no information is given for the cyclic/seismic one. Current national production standards for reinforcing steel bars generally do not prescribe the execution of cyclic tests for the mechanical characterization and production control of the seismic behaviour of reinforcements. Only some European countries like Portugal, Spain, and Poland [6, 7] introduce specific protocols for the lowcycle fatigue tests on steel reinforcing bars with testing parameters different from one another. The lack of a deep knowledge about the cyclic behaviour of reinforcing bars is also highlighted by the wide variability of results presented in the current scientific literature [8] [9] [10] [11] [12] .
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As a consequence, despite the necessity of high ductile properties of reinforcements to be adopted in the dissipative regions of r.c. buildings, no specific prescriptions are given for guaranteeing the satisfaction of those seismic requirements. Trying to solve the presented problem, in the revision of European standard EN 10080:2005 [13, 14] (Steel for the reinforcement of concrete-weldable reinforcing steel) and in particular, Mandate M115 [15] proposes the definition of "the methods (calculation, test methods or others) or a reference to a standard containing the methods for the determination of such characteristics," introducing a cyclic loading performance for earthquake prone areas.
In addition to the need of the definition of the effective ductility of reinforcing steels, several studies presented in the current scientific literature evidenced a reduction of some performance characteristics after corrosion of TempCore steels, actually widely adopted for r.c. structures, able to easily satisfy the limitations imposed by European standards towards reasonable production costs. Apostolopoulos and Michalopoulos [16] , Apostolopoulos and Papadakis [17] , Al Hashemi et al. [18] , and others [19] [20] [21] highlighted the strong decrease of the dissipative capacity of bars exposed to aggressive environmental condition, that is, subjected to corrosion phenomena, with the following degradation of the global bearing capacity of the whole structure. The deterioration of the ductility was evidenced in terms of both gt (i.e., monotonic behaviour) and dissipated energy under the execution of low-cycle fatigue tests (i.e., cyclic/seismic behaviour). Papadopoulos et al. [22] , through the execution of salt spray chamber tests on two different steel grades with similar chemical composition, evaluated the quality index for the quantification of the mechanical performance (yielding strength, elongation) with reference to different exposure periods.
In order to prevent corrosion phenomena of reinforcements, Eurocode 2 [4] prescribes, for new constructions, the adoption of adequate concrete strength and covers in relation to the different possible exposure conditions; anyway, the problem still remains in the case of existing buildings.
In the present work the effective mechanical performance (i.e., capacity) of steel reinforcing bars under low-cycle fatigue and monotonic actions in both uncorroded and corroded condition is deeply analyzed; the research work was developed as part of the European research project "Rusteel: Effects of Corrosion on Low-Cycle Fatigue (Seismic) Behaviour of High Strength Steel Reinforcing Bars" (2009) (2010) (2011) (2012) [5, 21] , aiming at evaluating the combined effects of corrosion phenomena and seismic action on the ductile properties of bars and of the ability of corroded samples still to withstand the requirements imposed by earthquakes.
A set of steel reinforcements representative for the actual European bars' production was selected and tested under monotonic and cyclic loads in both uncorroded (reference) and corroded conditions, opportunely reproduced through the execution of accelerated corrosion tests in salt spray chambers. The results of mechanical tests allowed the determination of significant parameters describing the dissipative behaviour of reinforcements, defined as "Performance Indicators" (PIs), representative of the structural performance of bars in the uncorroded (i.e., reference) condition. In particular, different PIs were defined in relation to the monotonic and cyclic behaviour of bars: the ductile capacity was evaluated in terms of mechanical properties and necking ( , , gt , / , and ) for monotonic tests and dissipated energy and number of cycles to failure (dE, cycles ) in the case of lowcycle fatigue tests (LCF).
The severity of the corrosion attack was defined in relation to Corrosion Damage Indicators (CDIs) calibrated on the basis of laboratory experimental tests executed on reinforcements and suitably defined in relation to the effective exposure to which bars are subjected. Corrosion Damage Indicators (CDIs) were opportunely defined to correlate the deterioration of the mechanical properties and dissipative capacity (i.e., the performance indexes , , gt dE, and cycles ) with the level and the intensity of the corrosion attack.
Specific relationships between CDIs which can be related to Classes of Exposure as defined in Eurocode 2 [4] and PIs were then provided analyzing the ability of steel reinforcing bars to maintain an adequate safety level in presence of seismic actions or less. What is herein presented allowed the determination of additional prescriptions for the protection of steel reinforcing bars from corrosion, with respect to the ones already presented in Eurocode 2 [4] about the thickness of the concrete cover.
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Corrosion Damage Indicators (CDIs).
In order to statistically analyze the influence of corrosion phenomena on the ductile behaviour of steel reinforcing bars, under both monotonic and cyclic loadings, significant parameters, Corrosion Damage Indicators (CDIs), describing the practical effects of aggressive environmental conditions on reinforcements were determined, on the base of what is presented in the current scientific literature and in standards. Relevant corrosion phenomena were initially classified in relation to the exposure classes presented in Eurocode 2 [4] ; Table 1 presents, for example, the case of exposure class XS2 (i.e., corrosion due to chlorides from seawater). As visible, the corrosion rate (expressed in terms of mass loss, ML, i.e., corrosion and erosion rates) can be considered as a valid Corrosion Damage Indicator (CDI), for both uniform and local (pitting) corrosion, respectively, due to carbonation phenomena and to chlorides' ingress. Looking at the current scientific literature, moreover, two additional parameters describing the effects of corrosion phenomena shall be taken into consideration: pit depth (in the case of localized corrosion) and the absorption of atomic hydrogen (in the following hydrogen) due to corrosion.
Gräfen [25] evaluated the influence of absorbed hydrogen on the mechanical performance for sensitive quenched and tempered prestressing steels, as represented in Figure 1(a) ; the obtained results, useful also for the analysis of TempCore reinforcements characterized by a quenched and tempered The relevance of hydrogen content for the performance of reinforcing steels under low-cycle fatigue loads was also evidenced in the results presented by Riecke [26] . Figure 1(b) shows the influence of the strain rate after hydrogen absorption (high hydrogen activities) on the elongation for a quenched and tempered prestressing steel: with increasing strain rate the elongation values in solution (i.e., hydrogen absorption conditions) converged to the values of the elongation of the CERT-test in air. The strain rates used for lowcycle fatigue tests ranged from 10 −3 to 10 −2 s −1 , and a loss of elongation of about 20% was observed for such strain rates. Looking at Figure 1 , it can be concluded that hydrogen content does not play an important role in static conditions but may be relevant to low-cycle fatigue performance.
According to Neubert and Nürnberger [27] , a pit depth of about 0.5 mm was correlated to a loss of elongation at fracture ( ) of about 30% for a very sensitive high strength quenched and tempered prestressing steel. Rehm et al. [28] deeply analyzed the correlation between corrosion erosion of the surface of embedded rebars in cracked concrete due to chloride induced corrosion and the pit depth. The results are presented in Figure 2 . It can be concluded that pit depths with significant consequences on the residual mechanical performance of reinforcing steels could be obtained already for rather small rust layers.
As a consequence, for the analysis of the relation between CDI and the residual performance of reinforcing steel after corrosion, mass loss was considered the most appropriate damage indicator, easily measured and related to exposure classes and exposure durations through the adoption of specific calculations. Furthermore the influences of pit depth and absorbed hydrogen were also taken into consideration in the analysis of the results of the salt spray tests. 
Performance Indicators (PIs).
The effects of corrosion, with reference to the CDIs previously determined, were evaluated in relation to significant Performance Indicators (PIs) able to describe the mechanical behaviour of steel reinforcing bars after the exposure to aggressive environmental conditions. In particular, PIs were determined for both the monotonic and the low-cycle fatigue (i.e., representing earthquakes) behaviour.
According to what is presented in the current scientific literature [5, 17, 29] all the mechanical performance characteristics of bars (yield strength , tensile strength , hardening ratio ( / ), strain at maximum load gt , and necking strain ) were taken into consideration for the monotonic behaviour.
For what concerns, on the other hand, the cyclic/seismic behaviour of reinforcements, despite the possible variation of imposed deformation, testing frequency, length of the specimens, and other parameters strictly related to the adopted experimental testing protocol, the two considered PIs were, once again in relation to data actually presented in the scientific literature, the total dissipated energy density (dE) and the number of cycles to failure ( ). The total dissipated energy was evaluated according to the formulation proposed by Apostolopoulos [29] as an approximation of the engineering stress-strain curve: dE = ∫ . The selection of PIs can be directly related to the results obtained from numerical analyses deeply reported in Braconi et al. [30] , also developed in the framework of Rusteel research project [5] ; according to [30, 31] , Incremental Dynamic Analyses (IDAs) executed on representative r.c. buildings designed following [1] evidenced two possible behaviours of reinforcing steels: the first one is typical of those elements, mainly beams ( Figure 3 (a)) characterized by high deformations in tension due to seismic action (around 6.0%) and low dissipated energy density (around 40 MPa) due to the inability to execute complete reversed tension/compression cycles. In this case, the main parameter affecting the description of the mechanical behaviour of the rebar is gt , since the seismic action leads to a behaviour similar to the monotonic tensile one (PI for monotonic behaviour). The second condition is, on the other hand, typical of those elements (mainly columns, Figure 3 (b)) in which the seismic input is able to produce few (one, maximum two) complete reversed tension/compression cycles with high levels of deformation (around 6.0 and −4.0%) and high density of dissipated energy (around 120 MPa). In this case, the parameter describing the seismic behaviour of rebar (PI for cyclic behaviour) is the dissipated energy density dE. ductility classes (A, B, and C), diameters (between 8 and 25 mm), and production processes (TempCore, TEMP, microalloyed, MA, stretched, STR, Cold Worked, CW) were adopted, covering in a reasonable way the large variability of properties evidenced at European level. Steel reinforcing bars were provided by two European producers involved as partners of the research project (hereafter indicated as "producer 1" and "producer 2"); tests were executed by three different European laboratories (one in Greece, one in Italy, and the last one in Portugal, in the following determined, respectively, as "Lab. A," "Lab. B," and "Lab. C"). The complete set of steel bars selected for the execution of mechanical experimental tests in corroded and uncorroded condition is hereafter summarized:
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(i) B400C, 16 mm, MA, producer 2, Lab. B and C.
(ii) B400C, 16 mm, TEMP, producer 1, Lab. A, B and C.
(iii) B400C, 25 mm, MA, producer 2, Lab. B and C.
(iv) B450C, 12 mm, STR, producer 1, Lab. C. 
Mechanical Characterization of Uncorroded Steel Bars.
Tensile and low-cycle fatigue tests were executed on selected reinforcing steel bars. Tensile tests were executed according to EN 15630-1:2010 [32] ; for each steel grade, diameter, process, and producer three tensile tests were executed on specimens of adequate length (about 600 mm). In the following analyses, the mean values of the mechanical properties obtained for each significant parameter (i.e., yielding and tensile strength, elongation at maximum load, and ultimate elongation) were adopted. The detailed results of tensile tests are widely presented in Apostolopoulos et al. [5] 1 . For the execution of cyclic (LCF) tests, a specific testing protocol was elaborated as part of the Rusteel project. The definition of a codified methodology for the execution of cyclic tests was necessary since in the current scientific literature and in actual European standards different protocols are presented, with variable testing frequencies ( ), imposed deformation (Δ ), free length of the specimen ( 0 ), and number of cycles ( ). The reasons at the base of the elaboration of the low-cycle fatigue protocol were widely presented by [33] , taking into account, beside the actual prescriptions of current standards and literature, the effective seismic demand on reinforcing bars, as presented in [30] .
Two levels of imposed deformation, respectively, equal to ±2.5% and ±4.0%, were adopted for the execution of at least 20 symmetrical hysteretic cycles or until fracture. The imposed strain and the number of cycles were defined in relation to the results of numerical analyses presented in Braconi et al. [30] on r.c. case study buildings opportunely designed according to Eurocodes 2 and 8 [1, 4] and subjected to incremental dynamic analyses with specific natural accelerograms selected to maximize the seismic demand on steel reinforcing bars, obtaining the maximum level of deformation and the total dissipated energy due to earthquake events.
The free length of the sample was assumed equal to 6 or 8 diameters, in order to represent the condition of bars in r.c. elements in HDC or MDC according to [1] . For the testing frequency, since different values are adopted in experimental tests (varying between 0.005 and 3.0 Hz), preliminary tests were executed [5] for the evaluation of the influence of the testing frequency on the results of cyclic tests in terms of dissipated energy. The results of preliminary tests, executed on bars 16 mm with frequency equal to 0.05 Hz and 2.0 Hz, evidenced differences in terms of dissipated energy (total and per cycle) lower than 5-10%; similar values, highlighting the relatively low influence of the strain rate on the global dissipative behaviour of the specimens, were found by Crespi [10] . Table 2 presents the results obtained from preliminary tests, while in Figure 4 the stress-strain diagrams are shown. As a consequence, the testing frequency was fixed to 2.0 Hz, with possible reduction up to 0.05 Hz in relation to the machine's requirements for samples of diameter higher than Two tests for each steel grade, diameter, process, producer, level of imposed strain, and free length of the specimens were executed. The complete list of results can be found in Apostolopoulos et al. [5] 1 .
Mechanical Characterization of Corroded Steel Bars.
Reinforcing bars were subjected to accelerated corrosion tests in salt spray chamber to evaluate the effects of aggressive environmental conditions on their monotonic and cyclic/seismic behaviour. The protocol adopted for the accelerated corrosion tests was elaborated as part of Rusteel research project [5] , on the base of an accurate survey and technical evaluation of the actual procedures used for such kind of experimental tests. The salt spray chamber test was selected in relation to practical and efficiency requirements, such as easiness in the preparation of the samples, limited duration of the exposure period, possibility to evaluate and control the relevant parameters, and availability of codified procedures.
A protocol based on ASTM B117-11 [34] was modified in relation to the specific requirements of the research project. Two different exposure periods (i.e., 45 and 90 days) were considered; the protocol was organized into 3 different phases (i.e., preparation of testing apparatus, positioning and execution of corrosion tests, and analysis of corrosion damage), following ISO 9227 [35] for the preparation of the specimens.
The first phase consisted in the preparation of the testing apparatus and cleaning the chamber, piping, and solution tanks from the residuals of previous experiments in order to obtain a pH of the chamber between 5.5 and 6.2. To stabilize the pH of the chamber before the positioning of the samples, 50 litres of solution was introduced in the chamber for about 6 hours under the predetermined wet/dry cycles.
For the second phase the length of the specimens was fixed between 500 and 600 mm to allow the execution of tensile tests. In the middle section of the testing article a high temperature nonadhesive tape (of length equal to 20 mm or, at least, the distance between two consecutive ribs) was placed to determine the unprotected part of the specimen; paraffin was used to avoid corrosion in the other part of the bar. The testing samples were then placed inside the chamber at an angle of 45-60 ∘ to the supports and rotated by 90 ∘ at least three times a day, in order to prevent the generation of salts according to what is prescribed by ISO 9227 [35] for the whole duration of the test. 8 wet/dry cycles every 24 hours (90 minutes dry followed by 90 minutes wet), with a continuous control of the pH of the chamber and of the procedure, were then executed. At the end of the test, the specimens were rubbed and cleaned and maintained at a temperature of about −5
∘ to avoid the loss of the volatile part of hydrogen before the execution of mechanical tests.
Cross-sectional analyses, SEM evaluations, measures of notch depth, crack depth and width, hydrogen content, cross section reduction, and, in particular, mass loss were executed.
After the exposure in salt spray chamber, corroded specimens were subjected to monotonic and cyclic tests, following, respectively, the prescriptions of EN ISO 15630-1 [32] and the protocol already showed for tests on reference bars [5] . At least three tensile tests on each steel grade/diameter/process and two cyclic tests for each level of imposed deformation and free length of the specimens were executed.
The results of mechanical tests on corroded specimens were evaluated in terms of decrease of the significant mechanical properties towards parameters significantly highlighting the effects of deterioration due to corrosion in salt spray chamber. The complete set of results of monotonic tensile and low-cycle fatigue tests on corroded specimens is presented in Rusteel research project [5] 1 , since it is not possible for reasons of brevity to directly insert all the data in the present paper. Tables 4 and 5 show, for example, some of the values of residual mechanical properties for reinforcing steel bars after, respectively, monotonic tensile and low-cycle fatigue tests. In the case of monotonic tests, the residual strength and elongation are presented for the mean values of mass loss, while for low-cycle fatigue tests the residual total dissipated energy and the specified number of cycles (i.e., ratio between cycles to failure after and before corrosion) are provided. As visible from Table 3 , significant differences were revealed in the mass loss obtained from different laboratories; although the protocol adopted for the execution of accelerated corrosion tests was exactly the same, the difference shall be justified only in relation to the effective environmental conditions reproduced inside different chambers. 
Evaluation of the Effects of Accelerated Corrosion on Corrosion Damage Indicators

CDI Mass Loss.
In a first step a statistical analysis adopting ANOVA technique (ANalysis Of VAriance) was carried out on the mass loss (ML) results obtained in the salt spray chambers with different reinforcing steels, in order to evaluate the influence of independent parameters such as type of production, nominal yielding strength ( ,nom ), nominal diameter ( nom ), ductility class, time of corrosion test ( corr ), and salt spray chamber or Lab., respectively, on the dependent factor mass loss. Figures 6 and 7 present the results of the multiparameter ANOVA tests. It can be concluded that the most significant influence on mass loss was the laboratory in which the salt spray tests were carried out: a well-defined procedure was followed in all three laboratories; nevertheless the corrosion conditions within each salt spray chamber were not completely reproducible. There is a tendency that exposure period in salt spray chamber ( corr ) also influenced the obtained results; an increase of the corrosion time could be associated with the increase of the mass loss: mean values for 45 and 90 days of exposure were, respectively, around 0.5-10% and between 1.5 and 12%. Nominal diameter, production type, ductility class, and nominal yield strength did not evidence a strong influence on the obtained values of mass loss. Taking into account the results of the ANOVA analysis the distribution tests were carried out for each laboratory separately. It was found that the distribution of the ML was best approximated with a gamma function (Figure 8 ) or, in alternative for an indicative analysis, with a Gauss distribution. Mass loss results showed a large scatter, with variation coefficients generally higher than 30%. These variation coefficients for corrosion tests in salt spray testing are not unusual. With respect to the determination of the residual mechanical performance of the corroded rebars it was therefore necessary to measure for each tensile test the mass loss of the tested bar.
CDI Pit Depth.
In order to understand the relation between pit depth in accelerated salt spray test and pit depth in salt containing mortar (i.e., embedded samples in practical conditions), measurements of pit depth were carried out on the corroded reinforcement samples. Experimental tests on embedded bars were performed in 90 r.c. specimens, with steel bar B500B of diameters 8, 10, and 12 mm, for an exposure period equal to 180 days in salt spray chamber. Concrete class C16/20 and concrete cover equal to 10 mm were selected, able to quickly gain the effects of corrosion on steel and representing the condition of the majority of existing r.c. buildings.
Executed investigations evidenced that, as already observed for mass loss, the distribution of pit depth on an embedded bar could be approximated with a gamma function ( Corroded specimen n ∘ 6
Corroded specimen n ∘ 4
Corroded specimen n ∘ 3
Corroded specimen n ∘ 2 Corroded specimen n ∘ 1 the obtained pit depth values for both corrosion conditions (i.e., embedded and salt spray) is presented in Figure 10 . The difference revealed in pit depths for similar values of mass loss is significant: the maximum value of pit depth obtained for samples coming from salt spray tests is on the level of the lowest value measured for the embedded samples. Similar results were obtained in [36] for embedded samples and bare samples exposed to salt spray testing. For similar mass losses of approximately 2.4% the pit depth was higher for the embedded samples, with an average value of 0.477 mm with respect to the bare samples with 0.390 mm.
In [37] the pit depth values were compared for embedded samples in cracked and uncracked concrete containing 3.0% CaCl. The concrete samples were submitted to wet/dry cycles for six years. For the uncracked concrete a mass loss equal to 4.2% resulted in a maximum pit depth of about 0.5 mm; on the other hand, for the cracked concrete a mass loss equal to about 12.6% corresponded to a maximum pit depth of 1.2 mm. The pitting factor " ," that is, the ratio of maximum pit depth to average corrosion penetration depth, was, respectively, equal to 4.4 and 5.9 for cracked and uncracked condition. In the same study r.c. samples with different compositions were continuously submerged in natural sea water for six years. Mass losses were found in the order of 20% and the corresponding pit depth values were between 1.15 mm and 2.50 mm, with related values between 2.7 and 5.3.
These results indicate that, for the same level of mass loss, the values are higher for increasing quality concrete and for uncracked concrete, with respect to cracked condition. This has been confirmed by results published in [38] : the maximum value decreased significantly from 10 to 2 with increasing average cross-sectional loss, between 2% to 16%. Furthermore, as visible from Figure 10 , the scatter of the pit depth results is more significant for embedded samples than for the bare samples in salt spray chamber test, with values between 2 and 20 and lower than 2, respectively, for embedded samples and salt spray chamber tests.
From what is herein presented, it is clear that the salt spray test results are not usually representing the "natural" chloride induced corrosion of rebars in concrete. The local attack expressed by pitting factor, especially in the case of uncracked concrete where critical chloride content at the rebar surface is just reached, cannot be simulated well with salt spray testing. The pitting factor in salt spray tests with bare samples is significantly lower for the same mass losses: this phenomenon then represents more the uniform corrosion due to carbonation of concrete and perhaps an overlap of carbonation and chloride induced corrosion at high chloride contents. It is consequently evident that in salt spray testing the relation between anodic and cathodic surface area is higher than for chloride induced corrosion in concrete especially for the case that the critical chloride content is just reached. 12 
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Nominal diameter (mm) class, and nominal yielding strength on the hydrogen absorption; this was probably due to the reduced amount of data available and to the following evident scatter of hydrogen concentration. Also the influence of nominal diameter ( nom ) was not really clear: for a nominal diameter of 25 mm the hydrogen concentration for the 500 MPa nominal yield strength was significantly high, whereas in the case of the nominal yield strength of 450 MPa no difference against smaller diameters was revealed.
As a consequence of what is presented above, the hypothesis of no significant difference among all the obtained data was assumed. In this way, it was possible to evaluate all mass loss values and all hydrogen concentration values as one single population. Both populations were approximated with gamma distributions; for example, in Figure 11 (b) the gamma distribution for H 2 concentration is presented.
For a "mean" mass loss value of 6% (i.e., pit depth equal to 0.15 mm) a "mean" hydrogen concentration due to corrosion of about 0.3 ppm was finally assumed on the base of executed investigations.
This value, anyway, appeared very high if compared to the calculation of H 2 -activity derived from literature, as briefly summarized in Table 5 . The results of the hydrogen content measurements obtained from experimental tests executed inside Rusteel project [5] 1 were at least three times higher than the ones determined for practical conditions in exposure class XS2 according to actual literature [23, 39] ; this fact was probably related to the very aggressive conditions represented during tests in salt spray chamber. As a consequence, it can be concluded that hydrogen concentration is usually lower than the values directly obtained from accelerated corrosion tests and, according to literature survey, not relevant for the mechanical performance of reinforcing steels, because according to Figure 11 (a) a hydrogen content of less than 0.3 ppm has no significant impact on mechanical performance of rebars with yield strengths at about 500 MPa.
Correlation of CDIs and PIs for Static and Cyclic Conditions
Static Performance Correlation of Relevant PIs to CDI.
All the measured mechanical performance characteristics for static loading condition after corrosion (yield strength ,corr , tensile strength ,corr , hardening ratio ( / ) corr , strain at maximum load gt,corr , and necking strain corr ) were related to the one evaluated in the "reference" conditions, for example, in terms of residual percentage gt = 100 gt,corr / gt,0 .
The mean values differentiated by laboratory were used: this was executed to eliminate influences from nominal yield, nominal diameter, and ductility class in order to compare more data. The most important Performance Indicator (PI) for static loads was, finally, strain at maximum load ( gt ): a strong reduction of gt was observed already in presence of reduced mass losses, while all the other performance characteristics did not exhibit a significant decrease with the increase of mass loss, according to what is well evidenced in ( [5] 1 , [36, 40] ), simply schematized in Figure 12 . For sake of clarity, no significant influence of ML on the PI / was observable (i.e., no influence of testing laboratory, production type, ductility class, nominal yield, and nominal diameter on the result). A slight linear reduction of the PI's and with increasing ML was observed, but also in this case, no influence of testing laboratory, production type, ductility class, nominal yield, and nominal diameter on the result was detected by using ANOVA technique. Moreover, the scatter of results was, in general, reasonable.
A further ANOVA analysis on influencing parameters affecting the PI residual gt has led to the following results: one significant influence was represented by the testing laboratory. Reason for this is the difference in salt spray test results on mass loss already discussed before. Another significant factor on the result is the nominal diameter. With increasing diameter the PI residual gt decreases less importantly with mass loss (see Figure 13) . The parameters ductility class and production type are playing only a minor role. There is only the tendency that with increasing ductility the reduction of residual gt decreases less importantly with mass loss. The decrease of residual gt decreases less importantly with mass loss in the order of MA (microalloyed), TEMP (TempCore), and STR (stretched). It needs to be taken into account that nominal diameter, ductility class, and production type are partly linked parameters and not totally independent parameters.
Due to the result that diameter has a significant influence on residual gt , the full set of data was separated into two groups: less equal diameter 16 mm and diameter 25 mm. For both groups quantile values and mean values were calculated and are indicated in Figure 14 . Whereas for diameter ≤16 mm the mean value for residual gt is at a mass loss of 5% at about 50%, it is for diameter 25 mm at about 85%. Similar results for residual gt were obtained in [40] for embedded samples in accelerated corrosion tests. Rebars with a diameter of 19.1 mm were embedded in concrete samples which had been placed in chloride containing sand with sufficient humidity. To accelerate corrosion a constant electrical potential of 10 V was applied which resulted in very high corrosion current densities between 50 and 250 A/cm 2 . In [37] pitting factors for current densities in between 10 and 100 A/cm 2 were found between 6 and 16, which correspond quite well to natural chloride induced corrosion. This leads to the assumption that the results on mechanical performance characteristics obtained in salt spray testing can be used to qualify the residual performance of rebars after corrosion for carbonation induced corrosion but also for chloride induced corrosion with higher mass losses from 5% onwards.
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Low-Cycle Fatigue Performance Correlation of Relevant
PIs to CDI. The assumed PIs for low-cycle fatigue tests after corrosion in salt spray chamber were the dissipated energy (dE) for the cumulated number of load cycles till fracture of the sample (or till the stop of the test) and the number of cycles ( ) till fracture (or till the stop of the test).
The results of the experimental tests' campaign evidenced that the most significant parameters affecting the number of cycles and the dissipated energy were, respectively, the imposed testing strain (Δ ) and the free length of the specimens ( 0 ). The influence of corrosion on low-cycle fatigue PIs was visible but not very significant, due to the large scattering of mass loss values coming from salt spray chamber tests. No influence was detectable for the other independent parameters such as nominal yield, nominal diameter, ductility class, and production type.
In order to evaluate in an efficient way the role of corrosion on the cyclic behaviour of bars, statistical analyses were repeated neglecting the influence of strain and free length of the specimens. This was possible via specified values for dE and , allowing making the residual dissipated energy (100 * (dE corr /dE 0 )[%]) and the specified number of load cycles (( corr / 0 )[-]) independent of strain and free test length. As a consequence of this practical operation, it was observed that both PI's res.N and res.dE were strongly influenced by corrosion. In order to estimate the PI's res.N and res.dE as a function of mass loss, the following approximations were also made:
(i) Normal distribution of mass loss in a range between 0 and 5% and between 5 and 10%. (ii) Normal distributions of res.N and res.dE in the abovementioned mass loss ranges.
With these approximations, the 5% and 10% quantile values for res.N and res.dE were calculated and implemented at the mean value for mass loss in the predefined mass loss range: for example, for a mass loss range from 5% to 10%, the mean value for mass loss is equal to 7.41% and the 5% quantile value for res.dE is equal to 48.79%. The full set of data is provided by Table 6 and simply represented in Figure 15 . The PI's res.N and res.dE decreased more or less in the same slope with mass loss; a strong decrease for values of mass loss lower than 5% was followed by Residual dE (%) a flat slop for values higher than 5%. The residual performance for 8% mass loss was approximately equal to 50%.
Relation of Practical Exposure Classes to Corrosion Rates
The corrosion process of reinforcing steel in concrete is divided into two periods (Figure 16(a) ): the initiation period ( in ), that is, the time before the onset of corrosion, and the propagation period ( ). During the initiation period, the carbonation front is moving towards the steel surface or the chloride concentration is rising to its critical value; the duration of in is strongly influenced by concrete performance and exposure conditions: a large amount of detailed information is required, for each single building, to predict the initiation period. After critical corrosion conditions at the surface of the reinforcing steel are fulfilled, propagation period ( ) starts with the initiation of corrosion. The classification of the corrosion phenomena in the propagation period (according to what is presented in Table 1 for XC1 and XS1, also evaluable for other exposure classes, as shown in [5] 1 ) relates practical exposure classes to corrosion rates and hydrogen activity.
For example, the adoption of (1) and (2) allows the correlation between the values of mass loss (corrosion rates in m/year) and corrosion periods, as function of current densities:
" " being the corrosion rates (in m/year), " " the molar volume of iron, " " the current (in A), " " the time (in sec), " " the number of electrons, and " " Faraday's constant. The relation between current densities and erosion rates can be then derived, according to what is presented in Table 7 . The adopted values of the current densities for the different exposure classes are suggested by Rodriguez et al. [24] ; the calculated erosion rates are in good agreement with the results shortly presented in Table 1 and reported in Apostolopoulos et al. [5] 1 . After corrosion initiation, the knowledge of the development of the corrosion rates over time is required for the evaluation of mass loss. Vu and Stewart [39] provided the trend of the corrosion current density over time (2) in the good case of normal corrosion evolution:
" corr( ) " being the current density during the propagation period ( A/cm 2 ), " corr(1) " the current density at the initiation time ( A/cm 2 ), and " " the time. Figure 16(b) shows the development of the specified corrosion rate ( )/ ( 0 ) over the corrosion time: after a corrosion period of about 10 years the curve converges to a residual corrosion rate equal to about 20% of the one evaluated immediately after corrosion initiation. 
Correlation of PIs and CDIs with Practical Corrosion Conditions
According to the results presented in the previous paragraphs, the relevant Performance Indicators (PIs) were the percentage strain at maximum load ( gt ) and the dissipated energy (dE) and/or the number of load cycles ( ) till fracture (or stop of the test), respectively, for monotonic and low-cycle fatigue conditions. The most relevant CDI was the mass loss. The pit depths values and pitting factors obtained indicate that the results are representative at least for the corrosion phenomena as severe carbonation induced corrosion and/or corrosion in cracked concrete with severe chloride attack (wider cracks). Hydrogen concentration was not taken into account because of its minor influence.
The following example is presented as a possible approach to qualify the residual performance of rebars in concrete structures which are subjected to aggressive corrosion conditions. The relation of CDI in laboratory tests to practical corrosion conditions could be then estimated on the basis of common literature results to practical corrosion rates [24] and presented in the previous paragraphs. For each exposure condition and concrete strength, concrete cover, and crack width, the corrosion rate could be then estimated: using (1) and (2) it is possible to determine, for each predefined mass loss in salt spray test, the duration in practice when the mass loss is reached under practical conditions. The mass loss in salt spray testing could be related to the residual mechanical performance for static and low-cycle fatigue loads. As a consequence, it is possible to qualify mechanical performance depending on the degree of corrosion.
As an example, for a reinforced concrete building component in exposure condition XS2 a mass loss of 5% can be reached for a high corrosion rate in combination with a sufficient concrete cover thickness after, approximately, 45 years. The related 5% quantile values for res.N/res.dE and for res. gt were, respectively, approximately 55% and 25% (Table 8) .
In a more simple way, the 95% of the reinforcing steel in this building component in the defined condition will provide probably at least a residual /dE of 55% and a residual gt of 25%. For a reinforcing steel with an initial gt of 10%, the residual performance res. gt after a mass loss of 5% is about 2.5% and it will sustain at least 10 load cycles at a strain of 2.5%. This estimation can be repeated for each exposure condition according to EN 1992-1-1:2005 and concrete strength, concrete cover, and crack width.
Conclusions
In the present work the results of a statistical analysis executed on the experimental data of tensile and low-cycle fatigue tests on a wide range of corroded steel reinforcing bars are presented, evidencing the correlation between Performance Indicators (PIs) and Corrosion Damage Indicators (CDIs).
Results were presented with reference to the PI's gt and dissipated energy or number of cycles to failure for, respectively, the monotonic and cyclic behaviour of reinforcements, and in relation to the CDI mass loss obtained in salt spray testing on bare samples. This type of accelerated corrosion test was used to study the high number of test samples in due time. The corrosion phenomena obtained in salt spray testing deviate significantly from corrosion phenomena (pitting factor) obtained in practical conditions. Salt spray testing represents practical conditions for the more uniform corrosion as a result of a severe carbonation of the concrete and/or for higher chloride contents at the surface of the rebar. At low corrosion current densities the effect of pit depth on residual mechanical performance might be underestimated.
The most important effect of corrosion phenomena was evidenced in the case of monotonic behaviour (i.e., PI residual gt ), while the ductility capacity related to the cyclic behaviour (i.e., PI dissipated energy and/or number of cycles) was generally less affected by the effects of corrosion in terms of mass loss.
As a consequence of what is presented concerning the relationship between Corrosion Damage Indicators (CDIs) and Performance Indexes (PIs), engineers and designers are enabled to estimate residual mechanical performance depending on the degree of corrosion expressed through mass loss, a value which can easily be determined with an acceptable accuracy.
In order to fully satisfy the seismic ductile requirements in exposure conditions with significant corrosion rates (i.e., XC2 to XC4, XD2 and XD3, XS1 to XS3) and to prevent damage due to aggressive environmental conditions with the following degradation of the mechanical properties, additional indications, completing and improving what is already presented in Eurocodes, were suggested, such as the adoption of higher strength concrete (at least one class) or, in a similar way, the design of concrete cover with the same concrete strength but concrete cover with higher thickness (increase by 5.0 mm or more). Obviously, in the case of very aggressive environmental conditions, additional measures like, for example, the coating of the surface of concrete, cathodic protection, could be proposed.
The statistical analysis executed using ANOVA technique also evidenced that the influence of corrosion, in terms of mass loss, on the decrease of the elongation to maximum load generally decreased with the increase of the diameter (i.e., for higher diameters the effects of corrosion on the gt were lower). As a consequence, despite an accurate analysis of the effects of large diameter for what concerns the bond condition between steel and concrete, probably the adoption of higher diameters can be suggested (e.g., for a required reinforcement of 24 cm 2 the use of 8 bars 20 mm instead of 12 bars 16 mm). Obviously, higher initial values of ductility (in terms of gt ) were associated with higher residual values after corrosion attack: this was evidenced, for example, in the case of microalloyed steel, for both 16 and 25 mm diameters [5] 1 .
